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Classification of paediatric brain 
tumours by diffusion weighted 
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To determine if apparent diffusion coefficients (ADC) can discriminate between posterior fossa brain 
tumours on a multicentre basis. A total of 124 paediatric patients with posterior fossa tumours 
(including 55 Medulloblastomas, 36 Pilocytic Astrocytomas and 26 Ependymomas) were scanned 
using diffusion weighted imaging across 12 different hospitals using a total of 18 different scanners. 
Apparent diffusion coefficient maps were produced and histogram data was extracted from tumour 
regions of interest. Total histograms and histogram metrics (mean, variance, skew, kurtosis and 10th, 
20th and 50th quantiles) were used as data input for classifiers with accuracy determined by tenfold 
cross validation. Mean ADC values from the tumour regions of interest differed between tumour types, 
(ANOVA P < 0.001). A cut off value for mean ADC between Ependymomas and Medulloblastomas was 
found to be of 0.984 × 10−3  mm2 s−1 with sensitivity 80.8% and specificity 80.0%. Overall classification 
for the ADC histogram metrics were 85% using Naïve Bayes and 84% for Random Forest classifiers. 
The most commonly occurring posterior fossa paediatric brain tumours can be classified using 
Apparent Diffusion Coefficient histogram values to a high accuracy on a multicentre basis.
Background
Brain tumours are the most common solid tumours in childhood and the largest cause of death from cancer in 
this age group. About half of the tumours arise from the posterior fossa with the most common site being the 
cerebellum making them amenable to surgical resection but with a significant risk of subsequent morbidity. The 
degree of the resection required is dependent on the type of tumour and so pre-operative diagnosis is desirable 
as it can aid in surgical planning. The patients have magnetic resonance imaging at presentation as a standard 
of care giving the opportunity to achieve this.
Discrimination of the three main types of brain tumours in the posterior fossa (Ependymoma, Medulloblas-
toma and Pilocytic Astrocytoma) using qualitative assessment of MRI is challenging due to overlapping radio-
logical characteristics but can be improved by the inclusion of diffusion weighted imaging (DWI)1–3. However, 
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there is increasing evidence that identification of tumours is improved by using quantitative image analysis and 
the combination of this with pattern recognition techniques. This has been applied in a single centre study to 
good  effect4. Texture analysis of conventional MRI has been implemented in single and multi-centre  studies5–7 
and been applied to DWI in a single centre  study8. Advanced imaging  techniques9 such as spectroscopy have 
shown an ability to differentiate between posterior fossa  tumours10–12, however the technique is still very chal-
lenging to implement in the clinical context due to the reliance on scientific input, inhomogeneous protocols 
across scanner vendors and a lack for consensus analysis pipelines. Perfusion imaging likewise has acquisition 
and analysis issues outstanding which make it challenging to implement clinically in routine practice. Texture 
analysis of T2-weighted MR images, has been shown to discriminate well between tumour types in both  single6,8 
and multi-centre  studies5.
One imaging modality that has made its way into routine imaging protocols is diffusion-weighted imag-
ing. The apparent diffusion coefficient (ADC) maps are generally produced by scanner software and therefore 
readily available on clinical PACS systems. ADC is a quantitative measure so does not require normalisation 
to healthy-appearing tissue. Importantly, we have previously shown ADC values to be reproducible between 
different scanners and field strengths using standard clinical protocols (including scanners used in this study), 
which is essential for effective multicentre  studies13.
ADC values have previously been shown to discriminate between posterior fossa paediatric brain tumours 
but for Medulloblastomas and Ependymomas, where significant overlap between ADC values is observed for the 
two tumour types. Some studies have found significant  differences8,14,15 but others have  not4,10. One limitation 
of previous studies and studies of paediatric brain tumours in general are the very small cohort sizes due to the 
rarity of the diseases. To implement large scale studies of paediatric cancer it is essential to conduct these on a 
multicentre basis where robust imaging biomarkers will be  required16.
In this study we present a multicentre analysis of ADC maps focussing on paediatric brain tumours of the 
posterior fossa. The study involves one hundred and seventeen patients from five primary treatment centres 
across the UK with scans from twelve hospitals using eighteen different scanners. ADC has been shown to be 
reproducible across multiple centres and scanners and this large pediatric cohort is a test of the robustness of 
this approach in a clinical scenario.
Methods
This study was approved by the Derby Regional Ethics committee and informed consent was obtained from 
all parents/legal guardians. The consent included the upload of clinical and imaging data to the UK Children’s 
Cancer and Leukaemia Group Functional Imaging Database. All methods were performed in accordance with 
the relevant guidelines and regulations.
Whilst each centre was able to set an MRI protocol for patients with new brain tumours, national guidelines 
exist and are compatible with those adopted in Europe for clinical trials. The protocol includes T1w, T2w and 
T1w post contrast imaging as well as DWI.
Five primary treatment centres provided data for the study Nottingham, Newcastle, Great Ormond Street 
Children’s Hospital London, Alder Hey Liverpool and Birmingham Children’s Hospital. Including local hospitals 
where the children originally presented, MRI were performed at twelve different hospitals on a total of eighteen 
different scanners in the study. The specifics of the scanners and parameters used for the various scans are sum-
marised in the supplementary material. Histological diagnoses were acquired as per standard clinical practice.
Image analysis
All images were checked prior to analysis for significant artefacts and image warp sometimes associated with 
diffusion-weighted imaging. ADC maps were produced using in-house software written in the Python program 
language using standard, well documented methods. All maps were produced using b = 0 and b = 1000 s/mm2 
images.
Regions of interest were drawn manually for the whole tumours excluding areas of large cysts and peri-
tumoural oedema using MRIcro (version 1.40, http://peopl e.cas.sc.edu/rorde n/mricr o/). The ROIs were drawn 
on the b0 images (essentially a T2-weighted image) whilst viewing the complete image set of higher resolution 
T2/ FLAIR images acquired and using them to determine the margins of the tumour.
The regions of interest were drawn by an expert scientist with six years of experience in neuroimaging with a 
special interest in paediatric neuroimaging (JN). For inter-user validation of the ROIs, a sub section of the data 
was semi-randomly selected (8 Medulloblastomas, 6 Ependymomas and 6 Pilocytic Astrocytomas) for re-drawing 
separately by two radiologists(BP (4 years experience) and AO (13 years experience)). Each radiologist drew 
ROIs for ten of the patients (20 ROIs in total) and the ADC histogram values were extracted from the tumours. 
Values from the radiologist’s ROI were then compared against those produced by JN.
ADC values were extracted from the tumour ROIs and placed into 180 bins for histogram analysis using 
in house software written in Python 2.7. The bin width was 0.022 × 10−3  mm2 s−1. For the histogram analysis 
and illustrative purposes the data was normalised to the area under the histogram. Post-normalisation, mean 
histograms were produced by summing the normalised frequency value for each bin separately and dividing 
by the number of cases. The error bars in the average histogram plots represent one standard deviation for each 
bin of the normalised frequency.
Statistics and classification
A receiver operator characteristics curve (ROC) was produced for the ADC mean values within the Medullo-
blastoma and Ependymoma regions of interest using SPSS (version 22 IBM). The selection of the mean in lieu 
of the median was arbitrary as no difference was observed in the classification results between the two measures. 
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The box and whisker plot was produced using the R statistical package (The R Foundation, version 0.5.0, 2013). 
The three main types of paediatric posterior fossa brain tumours were classified with two classification methods, 
Naïve Bayes (NB) and Random Forest using the Orange Data Mining Tool (Orange, version 2.7.8)17.
In detail, the three-way classification method was as follows: The raw histogram data was not used for clas-
sification, only extracted values from the histograms (Min, Max, Mean, Median, Variance, Skew, Kurtosis and 
the 5th, 10th, 20th, 25th, 35th, 40th, 45th, 50th, 55th, 60th, 70th, 75th, 80th, 85th and 90th quantiles) were used 
as the input data. A principal component analysis was conducted on the input data prior to the cross validation 
for data reduction covering 95% of the variance (a maximum of 10 components were used) and the resultant 
components were classified using NB and RF. The data was validated using 10 folds cross validation.
Patients
The study included 55 patients with Medulloblastomas, 36 with Pilocytic Astrocytomas and 26 with Ependymo-
mas, 4 Atypical Teratoid Rhabdoid Tumours (ATRTs) and 3 other low grade tumours all found in the posterior 
fossa. The rarer tumour types (ATRTs and low grade tumours) were included for illustrative purposes but due 
to small numbers were not included in the classification analysis. All of the various histopathological subtypes 
within these 3 tumour subgroups were grouped together for purposes of analysis. Patient details are shown in 
Table 1 including age, the distribution of the field strengths at which the patients were scanned and the mean 
and the range of the ADC values within the tumour ROIs. 4 posterior fossa ATRTs were included for visual 
comparison only but were not included in the classification analysis as the numbers were too small. Likewise, 
for the low grade tumours these were presented visually in the supplementary material and not included in the 
classification due to the very small numbers (n = 3).
Results
The ROIs drawn by the radiologists were compared using the extracted mean ADC values with those from 
JN. A correlation coefficient of R = 0.977 was observed indicating very good agreement between raters (a 
Bland–Altman plot for the mean values is included in the supplementary material with a repeatability coef-
ficient of CR = 1.06 × 10−4). All of the metrics used for the classification were assessed between the raters and no 
significant differences were detected between metrics derived from the raters’ ROIs (two-tailed t-test, Bonferroni-
corrected for multiple comparisons). This indicated that all of the metrics were reliable and henceforth used for 
the machine learning classification.
Example MRIs are shown for the most common types of posterior fossa paediatric brain tumours in Fig. 1. 
As can be seen in the images, the ADC maps look distinctly different for the Medulloblastomas and the Pilocytic 
Astrocytomas with higher ADC observed for the latter. The appearance of the Ependymomas and the Medul-
loblastomas are much closer in terms of ADC contrast.
Comparison of mean ADC values
The mean values for the tumours were as follows: Ependymoma (EP) 1.126 ± 0.155 × 10−3  mm2 s−1, Medulloblas-
toma (MB) 0.870 ± 0.015 × 10−3  mm2 s−1, Pilocytic Astrocytoma (PA) 1.656 ± 0.029 × 10−3  mm2 s−1. An ANOVA of 
the group means showed significant differences between the PAs and the EPs and the MBs and the EP (P < 0.001). 
The box plots in Fig. 2 show overlap spread of the mean ADC values of the PA and EP and also between the MB 
and EPs. A receive operator curve was constructed for MB and EP to determine an optimal cut off value for the 
mean values for the two tumour types. The cut off value was found to be 0.984 × 10−3  mm2 s−1 with a sensitiv-
ity of 80.8% and a specificity of 80.0% with 21/26 EP and 48/55 MB falling either side of the cut off boundary.
Mean histograms from the three main tumour types are presented in Fig. 3 including the standard deviations. 
Also included is a plot illustrating the overlap of the mean histograms.
Table 1.  Some details of the patients included in the study including age, and histogram parameters for the 
three main tumour types.
Tumour Type Pilocytic Astrocytoma Ependymoma Medulloblastoma
Number of Patients 36 26 55
Field Strength Scanned at: 1.5 T/3 T 30/6 21/5 46/9
Age /years 7.1 ± 4.4 4.7 ± 5.0 6.3 ± 3.5
Age Range 1.2–13.8 1.0–16.3 1.5–14.5
Mean ADC  (10−3  mm2 s−1) 1.656 ± 0.290 1.126 ± 0.155 0.870 ± 0.154
ADC Variance 9.49 × 10–8 7.89 × 10–8 1.00 × 10–7
ADC Skew 0.70 ± 0.83 1.34 ± 1.13 1.40 ± 0.60
ADC Kurtosis 3.08 ± 3.50 5.95 ± 10.09 3.81 ± 3.24
10th quantile ADC  (10−3  mm2 s−1) 1.345 ± 0.266 0.869 ± 0.128 0.587 ± 0.109
25th quantile ADC  (10−3  mm2 s−1) 1.480 ± 0.261 0.970 ± 0.135 0.681 ± 0.138
50th quantile ADC  (10−3  mm2 s−1) 1.628 ± 0.291 1.084 ± 0.151 0.806 ± 0.138
75th quantile ADC  (10−3  mm2 s−1) 1.799 ± 0.343 1.229 ± 0.171 0.989 ± 195
ADC range  (10−3  mm2 s−1) 1.222–2.240 0.865–1.400 0.523 ± 1.230
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Posterior fossa tumour classification
Pilocytic Astrocytomas, Medulloblastomas and Ependymomas were classified using the extracted parameters 
(mean, variance, skew, kurtosis and 10th and 20th etc.). Two classification methods were employed, Naïve 
Bayes (NB) and Random Forest (RF). NB was chosen as the more simple model and RF the more complex for 
comparison purposes (Table 2).
Using the extracted histogram parameters, as shown in Table 2, the overall classification accuracy was 84.6% 
using NB and 86.3% using RF. The balanced overall accuracy using the same data was 84.4% for NB and 86.3% 
for RF. The largest discrepancies were observed for Ependymomas where NB classified 80.8% of cases correctly 
and RF classified 73.1% correctly. The opposite trend was observed for Medulloblastomas where NB classified 
83.6% correctly and RF classified 94.5% correctly.
A plot showing a comparison between the average histograms of four ATRTs and the medulloblastomas used 
for the classification is shown in Fig. 4. The overlap between the ATRTs and the medulloblastomas in terms of 
the histograms is clear from the plot.
Histograms of the rare low grade tumours are presented in the supplementary material.
Figure 1.  Example MR images from paediatric brain tumour patients. This first column shows T1-weighted 
images following the injection of gadolinium contrast agent. The second column shows T2-weighted images and 
the final column shows apparent diffusion coefficient maps calculated from diffusion-weighted images. (a–c) 
are taken from a patient with a Pilocytic Astrocytoma, (d–f) are from a patient with an Ependymoma and (g–i) 
were acquired from a patient with a Medulloblastoma.
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Discussion
One of the most simplistic image analyses that can be performed on parametric maps is the mean values from a 
region of interest drawn around or within a lesion. This approach is potentially available on most clinical PACS 
systems and would provide a feasible route for quantitative measures of DWI to be integrated into routine clinical 
practice. We found that there was a significant difference between the mean tumour values when observing Pilo-
cytic Astrocytomas, Medulloblastomas and Ependymomas P < 0.001. These differences are in line with previous 
Figure 2.  A boxplot showing the distribution of the means from the ADC histograms for Ependymomas, 
Pilocytic Astrocytomas and Medulloblastomas. Centre lines show the medians; box limits indicate the 25th 
and 75th percentiles as determined by R software (R Core Team (2017). R: A language and environment for 
statistical computing. R Foundation for Statistical Computing, Vienna, Austria. URL https ://www.R-proje 
ct.org/) whiskers extend 1.5 times the interquartile range from the 25th and 75th percentiles, outliers are 
represented by dots.
Figure 3.  Mean normalised histograms for the most common paediatric posterior fossa brain tumours. The 
shaded areas show the standard deviation. The bottom right shows histograms for the different tumour types 
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single centre studies that have shown significant differences between Medulloblastomas and  Ependymomas8,14,15 
which are traditionally the two tumour types which overlap in terms of ADC. It is encouraging that a large 
multicentre study can show similar statistical differences to single centre studies despite the heterogeneity in 
acquisition protocol and scanner model and manufacturers. We used an ROC analysis which suggested a cut 
off value between the Medulloblastomas and Ependymomas of 0.984 × 10−3  mm2 s−1 with high sensitivity (80%) 
and specificity (80.8%). We believe this may be the best route for the use of ADC clinically in the most common 
scenario of discriminating between Medulloblastomas and Ependymomas as it can be achieved on most clinical 
PACS systems. This will however, need to be prospectively validated.
The average histograms presented in Fig. 2 show that there are differences between the three main tumour 
types if assessed as groups and they have distinct appearances. The Medulloblastomas in general have the peaks 
at the lowest ADC values followed by the Ependymomas and then the Pilocytic Astrocytomas. However, the 
standard deviation represented by the error bars, suggests there is the potential for significant overlap on a 
case-by-case basis. While these plots may be helpful to clinicians as part of a larger diagnostic workup they 
have limited use on a case-by-case basis without additional information. Interestingly, the Medulloblastomas 
appear to be the most homogeneous tumours with respect to their histograms. The Pilocytic Astrocytoma ADC 
distribution has increased variance with respect to the shape of the average histogram which is in keeping with 
their histological appearance which is heterogeneous and micro cystic. This suggests the measurement of more 
than one microenvironment.
Classification of the tumours using the histogramswas performed using metrics extracted from the histogram 
such as skew, variance and quantiles, as had been used in previous  studies4,8. We also used two different classi-
fiers with both linear (Naïve Bayes) and non-linear (Random Forest) approaches to see if the classification was 
significantly affected. As differentiation of the Ependymomas from the other two tumour types has been the 
most challenging it is appropriate that this classification test takes precedence when selecting the best classifier. 
A Random Forest classifier used on the extracted histogram parameters resulted the best overall classification 
accuracy of 86.3% but the highest classification rates for Ependymomas of 80.8% were obtained using a Naïve 
Bayes classifier.
Overall the classification rates are not as high as has previously been seen in the literature for ADC analysis 
with Rodriguez Gutierrez et al.8 quoting overall classification rates of 91.4% and Bull et al. 93.75%. However, 
our study is much larger than the aforementioned studies with a more heterogeneous data input with regards to 
hospitals, scanners and acquisition protocols.
Table 2.  The classification results using both Naïve Bayes (NB) and Random Forest (RF).
Predicted group membership
Percentage 
correct Total correctEpendymoma Medulloblastoma
Pilocytic 
astrocytoma
NB RF NB RF NB RF NB RF NB RF
Observed
Ependymoma 21 19 2 2 3 5 80.8 73.1 21/26 19/26
Medulloblastoma 9 3 46 52 0 0 83.6 94.5 46/55 52/55
Pilocytic Astrocytoma 9 3 0 0 32 33 88.9 91.7 32/36 30/36
Overall 84.6 86.3 99/117 101/122
Figure 4.  A plot showing the average histograms for both the Medulloblastomas, n = 55 (black) and the ATRTs, 
n = 4 (red).
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Historically analysis of ADC images has been qualitative with areas of lowest signal being used for identifica-
tion of cellular  density18,19. This has also propagated into quantitative measurements where minimum ADC is 
used as a biomarker for diagnosis and also treatment monitoring. This approach can be challenging from a data 
analysis perspective and although it can seem attractive and time efficient does result in a large amount of data 
being discarded. When the whole region of interest is preserved and histogram analysis is used the data is far 
less sensitive to user  error20, especially if the regions of interest are larger. If this approach is also combined with 
feature selection and machine learning algorithms, then large datasets can be used to better effect.
As is shown in Fig. 4 ADC does have its limitations when attempting to distinguish between ATRTs and 
Medulloblastomas. The average histograms display a large amount of overlap and when the ATRTs were run 
through the classifier were all classified as Medulloblastomas. The rare tumour types presented in the supple-
mentary material were included for illustrative purposes and also illustrate the difficulty that these cases present 
when attempting to classify.
The results from this study underline the potential opportunity for ADC maps to be used in multicentre 
studies. We have shown that a cohort of patients scanned on a wide range of different scanners, in different 
hospitals and using heterogeneous protocols can still produce reliable results. This has potential for integration 
of advanced imaging techniques into clinical trials for the assessment of treatment efficacy. Our results suggest 
that strict harmonisation of DWI protocols may not be necessary for the production of reliable biomarkers 
thereby allowing the utilisation of historically acquired imaging data as demonstrated here. This is important 
as harmonisation of protocols is challenging across multiple centres, especially for routinely acquired images.
Study limitations
This is a retrospective study of previously acquired data with the histological diagnosis already known. The clas-
sifiers and cut off values from this study will therefore need to be tested on prospective data to be truly validated. 
Likewise, the machine learning classifiers should also be tested prospectively. ADC is unable to discriminate 
ATRTs from Medulloblastomas as the diffusion parameters were virtually identical. The study has been limited 
mainly to the three most common types of brain tumours in the posterior fossa and did not address the identi-
fication of rarer tumour types such as choroid plexus papillomas. No in-depth analysis has been conducted of 
the tumour genetic or molecular subtypes, due to limitations of statistical power. The regions of interest were 
hand drawn so were susceptible to human error, although this issue was addressed through the use of multiple 
experts to verify the regions of interest which were shown to be reproducible across raters. The cut off values 
used in the study were produced from ADC maps from bespoke software, care must therefore be used when 
implementing this in ADC maps produced directly by scanner software or third-party vendors. Despite this, it 
is likely that the results would be applicable to ADC maps produced by scanners since the calculation of ADC 
maps involves a linear fit between two data points which is inherently stable, although this should be formally 
validated. Care would need to be taken when DWI is acquired with multiple b-values to ensure that ADC values 
were calculated from the b0 and b1000 images in order to make the results compatible with those of this study. 
The histogram metrics were produced via bespoke software which creates a barrier to clinical implementation, 
however we envisage these metrics becoming increasingly available via scanner manufacturers and clinical picture 
archiving and communication systems (PACS).
Conclusions
We have shown in this study that it is possible to discriminate between the three most common types of paediatric 
posterior fossa brain tumour types using histogram analysis of Apparent Diffusion Coefficient maps in a large 
cohort of patients acquired on a multi-centre basis.
Received: 8 November 2019; Accepted: 12 January 2021
References
 1. Hales, P. W. et al. Arterial spin labelling and diffusion-weighted imaging in paediatric brain tumours. NeuroImage Clin. 22, 101696 
(2019).
 2. Craig, E. et al. MRI protocols for imaging paediatric brain tumours. Clin Radiol. 67, 829–832 (2012).
 3. Saunders, D. E. et al. Magnetic resonance imaging protocols for paediatric neuroradiology. Pediatr Radiol. 37, 789–797 (2007).
 4. Bull, J. G., Saunders, D. E. & Clark, C. A. Discrimination of paediatric brain tumours using apparent diffusion coefficient histo-
grams. Eur Radiol. 22, 447–457 (2012).
 5. Fetit, A. E. et al. Radiomics in paediatric neuro-oncology: a multicentre study on MRI texture analysis. NMR Biomed. 31, e3781 
(2018).
 6. Fetit, A. E., Novak, J., Peet, A. C. & Arvanitits, T. N. Three-dimensional textural features of conventional MRI improve diagnostic 
classification of childhood brain tumours. NMR Biomed. 28, 1174–1184 (2015).
 7. Orphanidou-Vlachou, E. et al. Texture analysis of T1- and T2-weighted MR images and use of probabilistic neural network to 
discriminate posterior fossa tumours in children. NMR Biomed. 27, 632–639 (2014).
 8. Gutierrez, D. R. et al. Metrics and textural features of MRI diffusion to improve classification of pediatric posterior fossa tumors. 
Am J Neuroradiol. 35, 1009–1015 (2014).
 9. Peet, A. C., Arvanitis, T. N., Leach, M. O. & Waldman, A. D. Functional imaging in adult and paediatric brain tumours. Nat Rev 
Clin Oncol. 9, 700–711 (2012).
 10. Schneider, J. F. et al. Multiparametric differentiation of posterior fossa tumors in children using diffusion-weighted imaging and 
short echo-time 1H-MR spectroscopy. J Magn Reson Imaging. 26, 1390–1398 (2007).
 11. Panigrahy, A. et al. Quantitative short echo time 1H-MR spectroscopy of untreated pediatric brain tumors: Preoperative diagnosis 
and characterization. Am J Neuroradiol. 27, 560–572 (2006).
8
Vol:.(1234567890)
Scientific Reports |         (2021) 11:2987  | https://doi.org/10.1038/s41598-021-82214-3
www.nature.com/scientificreports/
 12. Raschke, F., Davies, N. P., Wilson, M., Peet, A. C. & Howe, F. A. Classification of single-voxel 1H spectra of childhood cerebellar 
tumors using lcmodel and whole tissue representations. Magn Reson Med. 70, 1–6 (2013).
 13. Grech-Sollars, M. et al. Multi-centre reproducibility of diffusion MRI parameters for clinical sequences in the brain. NMR Biomed. 
28, 468–485 (2015).
 14. Rumboldt, Z., Camacho, D. L. A., Lake, D., Welsh, C. T. & Castillo, M. Apparent diffusion coefficients for differentiation of cerebel-
lar tumors in children. Am J Neuroradiol. 27, 1362–1369 (2006).
 15. Yamasaki, F. et al. Apparent diffusion coefficient of human brain tumors at MR imaging. Radiology 235, 985–991 (2005).
 16. O’Connor, J. P. B. et al. Imaging biomarker roadmap for cancer studies. Nat Rev Clin Oncol. 14, 169–186 (2017).
 17. Demšar, J., Curk, T. & Erjavec, A. Orange: data mining toolbox in python. J Mach Learn Res. 14, 2349 (2013).
 18. Kitis, O. et al. Minimum apparent diffusion coefficients in the evaluation of brain tumors. Eur J Radiol. 55, 393–400 (2005).
 19. Lee, E. J. et al. Diagnostic value of peritumoral minimum apparent diffusion coefficient for differentiation of glioblastoma multi-
forme from solitary metastatic lesions. Am J Roentgenol. 196, 71–76 (2011).
 20. Ma, C. et al. Apparent diffusion coefficient (ADC) measurements in pancreatic adenocarcinoma: a preliminary study of the effect 
of region of interest on ADC values and interobserver variability. J Magn Reson Imaging. 43, 407–413 (2016).
Acknowledgements
We would like to acknowledge funding from the Cancer Research UK and EPSRC Cancer Imaging Programme 
at the Children’s Cancer and Leukaemia Group (CCLG) in association with the MRC and Department of Health 
(England) (C7809/A10342), the Cancer Research UK and NIHR Experimental Cancer Medicine Centre Paedi-
atric Network (C8232/A25261), the Medical Research Council –Health Data Research UK Substantive Site, the 
Children’s Research Fund, Poppyfields and Help Harry Help Others charity. Professor Peet is funded through 
an NIHR Research Professorship, NIHR-RP-R2-12-019. Professor Theodoros N Arvanitis is partially supported 
by Health Data Research UK, which is funded by the UK Medical Research Council, Engineering and Physi-
cal Sciences Research Council, Economic and Social Research Council, Department of Health and Social Care 
(England), Chief Scientist Office of the Scottish Government Health and Social Care Directorates, Health and 
Social Care Research and Development Division (Welsh Government), Public Health Agency (Northern Ire-
land), British Heart Foundation and Wellcome Trust. We would also like to acknowledge the MR radiographers 
involved in the study.
Authors’ contribution
J.N and A.P designed the study and wrote the main manuscript text. H.R., N.Z and N.D provided technical and 
analysis input. L.M., B.P and A.O provided clinical input. R.G., P.H., T.A., D.A., D.R.G., T.J., S.A., L.A., R.K., D.H., 
D.M., S.B and C.C were involved in collecting and collating the data from the involved centers and provided 
analysis design and critique. All authors reviewed the manuscript.
Competing interests 
The authors declare no competing interests.
Additional information
Supplementary Information The online version contains supplementary material availlable at https ://doi.
org/10.1038/s4159 8-021-82214 -3.
Correspondence and requests for materials should be addressed to A.P.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.
Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://creat iveco mmons .org/licen ses/by/4.0/.
© The Author(s) 2021
